INTRODUCTION
The current contribution of the Antarctic ice sheet to global sea-level change is the subject of intense scientific debate. Of particular importance is the suggestion that large sections of the West Antarctic ice sheet (WAIS) may be inherently unstable and potentially subject to a large-scale collapse (Weertman, 1974; Schoof, 2007) . Presently, large regions of the WAIS are undergoing drastic changes. Surface velocities on Pine Island Glacier, for example, increased by ∼7% a −1 in 2007 (Scott and others, 2009 ) after having already increased by ∼40% between 1996 and 2007 . Whillans Ice Stream decelerated by ∼23% between 1973 and 1997 (Joughin and others, 2002 ) and continues to decelerate at a similar rate (Joughin and others, 2005) . The ice plain of Whillans Ice Stream has decelerated at 1-2% a −1 since the start of measurements in 1975 (Bindschadler and others, 2005) . Rignot and others (2008) find that ice loss from the Antarctic ice sheet has increased by 75% over the past 10 years, and that almost all of this change is due to temporal changes in the flow speed of the WAIS ice streams.
Most of our information about changes in flow of the WAIS ice streams comes from analysis of synthetic aperture radar (SAR) satellite data, which only became available in the early 1990s. Any information on changes in velocity before that time comes from ground-based observations of ice flow, but these are scarce on the active WAIS ice streams and, when available, they are usually of limited spatial coverage (e.g. Bindschadler and others, 2005) . Here we present an analysis of a ground-based dataset covering most of Rutford Ice Stream, West Antarctica, (Fig. 1 ) that allows estimates of changes in velocity over the past 25 years. The first measurements date from the late 1970s and early 1980s, well before the period covered by SAR data.
Rutford Ice Stream is a major ice stream flowing into the Ronne Ice Shelf. It has been the subject of ongoing glaciological research since the late 1970s (Doake and others, 1987) . Previously, a comparison of SAR-derived velocities from two sets of image pairs dating from 1992 and 1994 with ground-based measurements from 1984-86 suggested fluctuations of tens of metres per annum over decadal timescales in part of the marginal zone (Frolich and Doake, 1998) . However, the recent discovery of strong (>10%) fortnightly variations in flow velocities on Rutford Ice Stream (Gudmundsson, 2006) , and evidence for some further interannual variation in velocity (Murray and others, 2007) , suggest an alternative explanation for the observed differences. Here we use all available ground-based stake measurements of velocity to estimate temporal changes in mean annual velocities over periods from 10 to 25 years.
DATA
Available velocity data come from in situ measurements of stake movement on Rutford Ice Stream conducted over almost three decades. Figure 2 shows the locations of all the repeated stake-velocity measurements used here. Most of the earlier data have been published previously and analysed for a variety of purposes (Doake and others, 1987, 2001; Gudmundsson, 2006) . In addition to these, two new datasets are analysed here for the first time. These new data include a subset of measurements from a network of 98 stakes covering an area ∼20-50 km upstream of the grounding line obtained The first stake survey, covering a 40 km long section of the ice stream in the vicinity of the grounding line, took place in 1978/79 using a theodolite and an electronic distance-measuring instrument, controlled by stations fixed with the TRANSIT satellite positioning system (Stephenson and Doake, 1982; Doake and others, 2001) . Scale errors were controlled by additional direct over-snow distance measurements. The stakes were resurveyed in 1979/80. The network of stakes was extended further upstream in 1984/85 and resurveyed in 1985/86. During the 1984/85 survey a few of the stakes from the 1979/80 survey were found at predicted positions and the two stake networks connected (Doake and others, 1987) . Stake velocities were obtained using the method of Wager and others (1980) for survey reduction of moving stakes (Frolich and others, 1987) . The analysis of these stake measurements resulted in two sets of annual mean velocities over different sections of the ice stream with almost no overlap, so temporal changes in velocity could not be estimated.
GPS (global positioning system)-based velocity measurements were conducted between 1993/94 and early 1996 over a stake network covering the medial line upstream from the 1984-86 survey, and along a line crossing the divide between Rutford Ice Stream and Carlson Inlet (Frolich and Doake, 1998) . A reference station was located at a rock outcrop. The position of the reference station was calculated using long observations and post-processed using corrected orbits and clock corrections. The estimated accuracies in the coordinates of the reference station are 2 m. The re-survey used the exact same location for a reference station, and the same coordinates were used in the processing of the data from the second survey. For the purpose of this study, only two repeat velocity pairs resulted (blue arrows in Fig. 2 ), giving estimates of changes in mean velocity from 1984-86 until 1993-96, i .e. over a period of ∼10 years.
In 2002/03 a network of 98 stakes was set up in an area referred to as the 'upper knoll', covering the central part of the ice stream, ∼40 km upstream from the grounding line. Unexpectedly, an analysis of data collected in 2002/03 at a local GPS reference station situated on the ice stream revealed the presence of a strong (>10%) temporal variation in flow velocity with a fortnightly period (Gudmundsson, 2005) .
In The five GPS stations left running continuously in the 2003/04 season showed that surface velocities vary in time, in response to ocean tides, up to at least 40 km upstream from the grounding line (Gudmundsson, 2006) . At all stations, the strongest tidal amplitude in the detrended horizontal in-line displacement had a fortnightly period. A simple conceptual model showed that a non-linear till rheology could, through a strongly non-linear interaction between the two main oceanic semi-diurnal tidal components, give rise to the type of tidal response observed (Gudmundsson, 2007) .
Velocity calculation and error estimates
Errors in velocity estimates are due to (1) surveying errors, (2) errors related to bending and tilting of stakes and (3) spatial gradients in velocity over the distance each stake travels between surveys, and over the mean distance between pairs of stakes used for estimating temporal changes in velocity.
The original theodolite and distance data from the first two surveys (1978/79-1979/80 and 1984/85-1985/86) are no longer readily available and here the velocity estimates and uncertainties given by the original researchers are used (Frolich and Doake, 1998) . Based on these estimates, the error in annual velocities is ∼0.03%. Global network adjustment was used in deriving these velocities, and some spatial correlation of errors is likely. Different GPS datasets have been processed in different ways, reflecting the state of processing at a given time. The 1993/94 and early 1996 GPS surveys were processed using double-differencing and a local reference station. All later data were processed using the Bernese GPS software in kinematic precise-point positioning (PPP) mode (Hugentobler and others, 2006) . Examples and discussion of PPP in a glaciological context are given by King (2004) and Dach and others (2009) . Stake velocities were calculated from estimated GPS stake locations using the INVERSE routine made available by the US National Geodetic Survey (http://www. ngs.noaa.gov/PC PROD/Inv Fwd) (Vincenty, 1975) .
Spatial errors, Δx, in GPS coordinates are likely to be of the order of a few centimetres. Time intervals, Δt , between initial and final surveys of the same stake were always >1 year, in most cases 2 years. Mean velocity, v, is ∼400 m a −1 , so the velocity error due to error in surveyed coordinates is ∼ √ 2Δx/Δt or 0.0035% of the mean velocity. The time interval, ΔT , between velocity estimates is always >8 years, and the relative error in the change in velocity is therefore 2Δx/(v ΔT Δt ) or 0.0006% a −1 or less. Action of wind and snow on stakes can easily cause errors of ∼0.1 m. Using the same numbers as above, the resulting error in velocity is ∼0.004% a −1 . Spatial gradients in flow affect estimates of velocities calculated from the total stake displacement, Δs, over the time interval, Δt , between initial and final surveys of the corresponding stake. The distance travelled by the stake is the integral of velocity over time along the path travelled by the stake. If the velocity does not change with time and the stake travels along a straight line, the velocity, v, can be calculated as v = Δs/Δt . However, in the time interval between surveys, each stake travels downstream with the ice, and as it does so its velocity changes with time, due to spatial gradients in the flow. The material derivative of the velocity, Dv i /dt , is the sum of the local and the convective derivatives, i.e. Dv i /dt = ∂ t v i + u k ∂ x k v i . Horizontal strain rates on Rutford Ice Stream are ∼0.001 a −1 . Hence, stake velocities will change in 1 year by ∼0.1% due to spatial gradients in flow alone. Spatial gradients in the flow field are not known in sufficient detail for us to correct for this effect and we must therefore expect an error of at least 0.1% in each velocity estimate. Note that this error is much larger than the 0.0035% surveying error caused by inaccuracies in GPS stake positions. Note also that when calculating the difference in velocity estimates this error approximately cancels out, provided the comparison is done between stakes that were initially at the exact same location and then both resurveyed after exactly the same period of time. However, in our dataset we use velocity estimates from stakes that were placed up to 5000 m apart. The difference in velocity estimates, Δu, from two stakes can be written as
where u is the velocity of one of the stakes, u + Δu is the velocity at the other stake, Δx is the distance between the stakes and ΔT is the time interval between velocity estimates. Only if
can the velocity difference, Δu, be taken as clear evidence of a temporal, as opposed to a spatial, variation in velocity.
Inserting the values ∂ x u = 0.001 a −1 , Δx = 5000 m, ΔT = 10 years, and using u = 400 m a −1 to calculate the percentage change in u, we find that the velocity must change by at least 0.1% a −1 if two stake-velocity measurements, separated in time and space by 10 years and 5 km, respectively, are to reveal evidence of temporal variations in flow.
On a number of WAIS ice streams for which measurements exist, temporal variations in flow are far larger than 0.1% a −1 . For example, on the ice plain of Whillans Ice Stream velocities change by 1-2% a −1 (Bindschadler and others, 2005) , and on Pine Island Glacier velocities increased by ∼7% in 2007 (Scott and others, 2009 ). Hence, despite the errors introduced by the gradients in the velocity field being much larger than the surveying errors, these errors are small compared to changes in flow speeds seen in many areas of the WAIS.
In a similar study, focusing on data from Bindschadler Ice Stream, West Antarctica, Winberry and others (2007) compared velocities measured over a grid with 2.5 km spacing to an older set of velocity data from the same area. As we find for our dataset, Winberry and others (2007) found surveying errors to be insignificant in comparison to interpolation errors. However, King and others (2007) in a careful analysis of velocity data from the centre of the Amery Ice Shelf, East Antarctica, found that a separation of a few kilometres between stakes in their dataset had negligible effect on estimates of velocity variations with time.
RESULTS
Repeated stake measurements have resulted in a number of locations where velocity changes over several decades can be estimated with considerable confidence. All such velocity pairs are shown in Figure 2 . The arrows represent percentage change per annum in measured velocities at their respective sites. The velocity difference shown is the velocity vector at the earlier date subtracted from that at the later date, divided by the mean velocity for both dates and by the number of years between measurements. For an increase in speed over a time interval with no concomitant change in azimuth, the arrows in Figure 2 point in the downstream direction.
As can be seen from Figure 2 , the mean velocity difference is in most cases <0.1% a −1 . The orientation of the arrows is not completely random. In particular, differences between GPS-based measurements and the earlier theodolite-based stake surveys appear non-random (red, blue and magenta arrows in Fig. 2) . As mentioned before, these early stake surveys were subjected to network adjustment, which may have introduced some spatial correlation in the estimated velocities. We see therefore, despite this spatial correlation in some of the difference vectors, no compelling evidence for any significant change in velocities.
The velocity-difference vectors based on GPS measurements only are those between the 1993/94 to early 1996 and the 2003/04 to 2005/06 surveys (green arrows in Fig. 2 ). These are in some cases larger than the estimated velocity errors. Furthermore, the orientation indicates that the velocities may have been systematically larger in the later measurement period. However, over the 2 year time period of the first observations, the stakes travelled 200-600 m downstream, while the stakes installed in 2003/04 were erroneously located at the mean location of the earlier survey. As a consequence, the mean position of the stakes of the second survey is some distance downstream of the corresponding stakes from the first survey. This introduces systematic bias in the velocity-difference vectors. Evaluating the terms of Equation (1) for each stake showed that differences of the order of those seen in Figure 2 (green arrows) are to be expected based on strain rates in the area, ∂ x u, difference in stake positions, Δx, and the interval, ΔT , between repeated measurements.
DISCUSSION AND CONCLUSIONS
Comparison of all available in situ stake-velocity measurements from Rutford Ice Stream has revealed no significant changes in multi-annual surface speeds for the 25 year period . If any such changes have taken place, they must, on average, be less than ∼0.1% a −1 . These findings are in agreement with a previous study by Frolich and Doake (1998) , who found no significant change in ice movement in the central part of Rutford Ice Stream in the period 1978-80 to 1992. The data used here cover not just a longer time period than that available to Frolich and Doake (1998) , but also extend over the whole of the ice stream. Frolich and Doake (1998) found some systematic deviations between SAR-derived velocities over periods of 4-6 days and mean annual in situ stake-velocity measurements ( fig. 7 in Frolich and Doake, 1998) . We suggest that these differences may have been caused by fortnightly velocity variations on Rutford Ice Stream (Gudmundsson, 2006) , unknown at that time.
A 2 year GPS record, with some data gaps in the austral winter, was collected over the period December 2004 to January 2007 at a site toward the right-hand-side ice-stream margin, ∼40 km upstream of the grounding line (Murray and others, 2007) . The velocity record showed the largest tidal response at the lunisolar synodic fortnightly tidal constituent (MSf) period of 14.76 days. A small but significant difference in mean annual velocities was found for the two years. Some of the annual and interannual variability could be modelled as long-period tides, leading Murray and others (2007) to suggest that ice flow is modulated by tides at up to annual periods. However, there is, as yet, no quantitative understanding of how long-period tides could affect icestream motion, and it is equally possible that Murray and others (2007) could have detected small velocity fluctuations related to seasonal variability in some aspect of the icestream forcing.
Basal conditions on Rutford Ice Stream are known to be not just spatially heterogeneous (Smith, 1997; King and others, 2004) ; they also vary in time. Through repeated seismic surveys along a ∼3 km line situated ∼40 km upstream from the grounding line and oriented transverse to the main flow direction, Smith and others (2007) found evidence of both rapid erosion and build-up of a drumlin-like feature in the time-span of a few years. The eroded area and the drumlinlike feature were ∼500 and 100 m wide, respectively. Ice thickness in the area was ∼2500 m. Theoretically we do not expect such small-scale features to significantly affect surface flow. Estimates of the surface response using transfer functions given by Gudmundsson (2003 Gudmundsson ( , 2008 ) suggest a surface topographic response to the newly formed drumlin having an amplitude of a few centimetres and a related small change in surface velocity. Our observations of steady velocities over decadal timescales therefore do not conflict with measurements of temporal changes in basal properties over such short (of the order of or less than one ice thickness) spatial scales.
The picture of temporal variability in flow speeds on Rutford Ice Stream that emerges from this and other recent studies (Gudmundsson, 2006; Murray and others, 2007; Aðalgeirsdóttir and others, 2008 ) is that of a strong tidally induced perturbation in flow with a fortnightly period, and a weaker interannual variation, possibly related to long-period tides or seasonal effects. Long-term (decadal) changes in flow speed are either absent or smaller than ∼0.1% a −1 . The absence of any significant long-term changes in Rutford Ice Stream contrasts sharply with the situation found on ice streams in other sectors of the WAIS. In the Amundsen Sea catchment area and the Siple Coast region, significant changes (>0.5% a −1 ) in annual flow velocities are not unusual. The question arises as to why flow velocities on Rutford Ice Stream are so stable by comparison. A partial answer to this question comes from considering the potential for temporal changes in the various forces acting on the ice stream.
Forces acting on an ice stream can be broadly divided into side drag, basal drag and longitudinal forces. Rutford Ice Stream is flanked on one side by the Ellsworth Mountains and on the other by Fletcher Promontory. Marginal positions and side drag are therefore primarily determined by topography and, thus, are not expected to change significantly on a decadal timescale. Basal drag is determined by basal topography (form drag) and basal lubrication (skin drag). Inverse modelling of a flowline on Rutford Ice Stream showed that short-scale (of the order of a few ice thicknesses) variations in surface topography and surface speed are primarily related to basal topography and not to spatial variations in basal lubrication (Raymond, 2007) . Hence, the spatial variations in basal drag, which give rise to short-scale surface topography variations on Rutford Ice Stream, are also unlikely to change significantly over decadal timescales.
Temporal changes in longitudinal forces acting on an ice stream can be caused by changes in ice-shelf configuration. Over a distance of ∼150 km downstream from the grounding line of Rutford Ice Stream, the ice shelf is laterally confined by Fletcher Promontory and Skytrain Ice Rise (Fig. 1) . Further downstream, flow of the ice shelf is additionally constrained by Kershaw Ice Rumples. Evidence for the resulting constraints on the flow of Rutford Ice Stream comes from the fact that flow velocities downstream of the grounding line decrease monotonically with distance as far as Kershaw Ice Rumples instead of increasing monotonically, as would be expected for an unconfined ice shelf (Jenkins and Doake, 1991) . Thus, flow downstream of the grounding line of Rutford Ice Stream is also strongly determined by marginal and sea-bed geometry.
Changes in the basal melt rate near the grounding line would alter the ice thickness there, which, in turn, could affect the longitudinal forces within the ice stream and potentially drive migration of the grounding line. The ocean heat that drives basal melting in this region is supplied by an inflow of dense salty water, produced every winter by brine rejection during sea-ice growth to the north of the Filchner-Ronne Ice Shelf. The temperature of the water is fixed at the surface freezing point, but the strength of the inflow shows seasonal and interannual variability. However, both observation and modelling of the sub-ice-shelf ocean circulation suggest that the southwestern corner of the ice shelf is relatively isolated from interannual changes in the inflow (Nicholls and others, in press) . Although the same results show that seasonal variability penetrates further to the south and west, the observations of Jenkins and others (2006) showed no seasonal variations in melting near the Rutford Ice Stream grounding line. Seismic soundings (Smith and Doake, 1984 ) reveal a deep sea-bed trough downstream of the grounding line, and Jenkins and others (2006) suggest that this deep sea-bed trough may contain a large reservoir of dense water that is little affected by the seasonal inflow.
Ice production to the north of the ice shelf is driven by near-surface winds, which in this region are heavily influenced by the drainage of cold air from East Antarctica and the north-south-oriented topographic barrier formed by the Antarctic Peninsula (Van Lipzig and others, 2004) . Since the topographic forcing of the winds will be invariant we would expect a relatively stable atmospheric and, as a result, oceanic regime over the continental shelf. Furthermore, the temperature of the major oceanic inflows to the sub-ice-shelf cavity is fixed absolutely at the surface freezing point. Hence, we expect ocean conditions near the Rutford Ice Stream grounding line to be stable.
We suggest that the observed stability of velocities on Rutford Ice Stream over decadal timescales is related to the presence of strong geometrical constraints on the flow of the ice stream, and the limited potential for oceanic changes in the vicinity of the grounding line.
